The many-body empirical potentials that describe atomic interactions in the copper-bismuth system were constructed using both experimental data and physical quantities obtained by ab initio full-potential linear muffin-tin orbital calculations for a metastable Cu 3 Bi compound. These potentials were then used to calculate the structure of a grain boundary in copper containing bismuth, which was at the same time studied by highresolution electron microscopy (HREM). Excellent agreement between the calculated and observed structures is shown by comparing a through-focal series of observed and calculated images. This agreement validates the constructed potentials, which can be used with a high confidence to investigate the structure and properties of other grain boundaries in this alloy system. Furthermore, this study shows, that HREM combined with computer modeling employing realistic empirical potentials can decipher with great accuracy the structure of boundaries containing multiple atomic species. The many-body empirical potentials that describe atomic interactions in the copper-bismuth system were constructed using both experimental data and physical quantities obtained by ab initio fullpotential linear muffin-tin orbital calculations for a metastable Cu3Bi compound. These potentials were then used to calculate the structure of a grain boundary in copper containing bismuth, which was at the same time studied by high-resolution electron microscopy (HREM). Excellent agreement between the calculated and observed structures is shown by comparing a through-focal series of observed and calculated images. This agreement validates the constructed potentials, which can be used with a high conMence to investigate the structure and properties of other grain boundaries in this alloy system. Furthermore, this study shows, that HREM combined with computer modeling employing realistic empirical potentials can decipher with great accuracy the structure of boundaries containing multiple atomic species.
I. INTRODUCTION
The atomic structure of grain boundaries in metallic materials is the key to the microscopic understanding of a wide variety of their physical and mechanical properties. This is particularly important in alloys. For example, in pure metals, with the exception of iridium, grain boundaries are not susceptible to cracking. On the other hand, grain boundaries in some intermetallic compounds appear to be intrinsically brittle (see, e.g. , Refs. 2 and 3), while in disordered alloys segregation of impurities and alloying elements to grain boundaries is the principal reason for grain boundary brittleness (see, for example,
Ref. 4).
A very suitable model material for investigation of the segregation and embrittlement phenomena is the copperbismuth system. Although the solubility of bismuth is rather low, it has been demonstrated that the strong intergranular embrittlement of this alloy is associated with segregation rather than precipitation of bismuth at grain boundaries. ' A remarkable phenomenon observed in this system is the segregation-induced faceting ' However, in the last few years, high-resolution electron microscopy (HREM) has been developing rapidly and this technique can provide direct information on the structure of material volumes of atomic dimensions. In fact, from the systematic variation of the image contrast with defocus, information on both the positions and identities of the atoms can be extracted. ' ' Notwithstand- ' ' For a binary alloy such an analysis was accomplished by the present authors who investigated the structure of the (111)/(111) symmetrical tilt grain boundary corresponding to the X = 3 misorientation (in the notation of the coincidence site lattice) formed in a copper-bismuth alloy by the reversible faceting which 5571 1993 The American Physical Society was induced by the segregation of bismuth. ' The computer modeling of atomic structures of grain boundaries has usually been made using empirical pair and, more recently, many-body (embedded atom type) interatomic potentials to describe the total energy of the system as a function of atomic positions. ' These potentials are generally fitted to reproduce a variety of experimental data for the material studied. Exceptions are fully self-consistent ab initio calculations of the structure and energy of (001) twist boundaries in germanium, '
tight-binding calculations of grain boundaries in silicon ' and calculations utilizing first principles pair potentials, for example, the potential for aluminum derived on the basis of the pseudopotential theory. ' Although calculations employing empirical potentials are most reliable when studying generic features common to whole classes of materials, ' 
II. MANY-BODY POTENTIALS FOR COPPER-BISMUTH ALLOYS
The potentials describing atomic interactions were constructed employing the Finnis-Sinclair scheme' modified for alloys. ' In this approach the total energy of the system of X atoms is written as Table I and parameters ak" ' and rk " ' are presented in Table II . The fitting procedure through which these potential parameters were determined is discussed below. The many-body potentials can conveniently be visualized using the effective pair potentials. ' The original definition was for pure elements but generalization to binary alloys is straightforward and the effective pair potentials for species S1 and S2 can be written as ' Both Vc"c"and Nc"c"are cut off at the third nearest-neighbor separation and the pair potential Vc"c", is purely repulsive. These potentials reproduce the equilibrium lattice parameter a, cohesive energy, E"elasticmoduli Cj&, C&2, and C44, the vacancy formation energy, Ef, and the 1/6(112) /(111) stacking fault energy, y. All these quantities are summarized in Table   III . The effective pair potential, Vc"c", for which the reference structure is the ideal fcc lattice is shown in Fig.   l E, (eV) (A) per atom in the trigonal and bcc phase, respectively. The calculated value of E, which has been used when fitting the potentials for bismuth, is presented in Table III There is no analogous procedure which could be employed to determine with some confidence the elastic moduli of the bcc phase on the basis of those for the trigonal phase. However, in the body-centered-trigonal bismuth the trigonal angle is S7' and if it were 60' the structure would be simple cubic. This suggests that the deviation from the cubic symmetry is only small. Indeed, when choosing the coordinate system such that its axes are parallel to the edges of the cube which would result if the trigonal angle were 60', the tensor of elastic rnoduli is very similar to that of a cubic crystal in the sense that those elastic rnoduli which are exactly zero in the cubic case, are much smaller than those which are nonzero for the cubic symmetry. Owing to the lack of other guidelines, we identified the elastic moduli of bcc bismuth with the moduli C», C&2, and C44 of the trigonal bismuth in this coordinate system; they are summarized in Table III. Finally, the vacancy formation energy was used as a fitting parameter when constructing the many-body potentials for pure metals. In the case of bismuth this has not been measured for either trigonal or bcc structure.
However, in many metallic systems the vacancy formation energy is close to one third of the cohesive energy and thus we took E"=E, /3; this is the value given in tin-orbital method within the local-density approximation. ' As a result we obtained the equilibrium lattice parameter, the bulk modulus, the tetragonal shear modulus G = -, '(C"-Ciz) and the trigonal shear modulus C44 for this metastab1e compound. These calculated quantities, which are summarized in Table IV , were then used as "empirical" data.
In the present scheme the equilibrium condition dE/dQ=O, where Q is the volume of the unit cell, leads to the equation 
where X; and Y; are x and y components of the vector connecting atoms i and j in the cube coordinate system.
The fitting of the potential parameters then proceeded as follows. As explained above, in the present scheme O'C"B;(R;)=Q@c"c"(R, ))@B;B;(R;) .
In the first approximation the Cu-Cu and Bi-Bi potentials were taken as those constructed for pure elements and thus at this stage only the parameters of the potential VC"B; were determined so as to fit the data for the alloy.
The cut-off radius, r, " ', was Material and microscope parameters of the calculation were determined using the images of the bulk copper grain away from the boundary for calibration. In this way, the specimen thickness, microscope focal spread and beam convergence as well as the defocus corresponding to each image, were determined.
The model structure which led to the best match of calculated and observed images can be described as follows.
In the framework of the "ABC" depiction of the sequence of I 111] atomic planes in an fcc crystal, the 2=3(111)/(111)twin in pure copper can be represented ' [112),where n and m are integers. However, the same structures were found for n = m = 1, n = 1, and m =2 as well as for n =2 and m =4.
The relaxed structure is shown in Fig. 3 where copper atoms are represented by small circles and the bismuth atoms by large circles and also distinguished by shading.
In Fig. 3(a) to the boundary so that there are neither any tensile nor compressive stresses normal to the boundary nor shear stresses parallel to the boundary present in the final configuration.
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The displacement perpendicular to the boundary represents the expansion and thus the calculation corresponds to relaxation at constant pressure.
In the direction perpendicular to the boundary the block is effectively infinite but it was found that it was sufficient to limit the relaxation to twenty two I The degree of match in the image series is strong evidence for the very high accuracy with which the structure has been predicted theoretically. The contrast clearly reflects the asymmetric nature of the boundary structure described above. In the images of Fig. 4 , the contrast above the boundary plane tends to be somewhat stronger than that below the plane. This contrast is a
Fresnel effect arising from the asymmetrical position of the bismuth atom plane in the interface. Furthermore, the total calculated expansion (1.88 A), i.e. , the relative displacement of the two grains in the direction perpendicular to the boundary, is within the experimental limits of the accuracy in the HREM ( =0.1 A), in a perfect agreement with the experiment.
IV. DISCUSSION
The results presented here demonstrate that HREM (CB, ) into the adjacent copper plane containing vacancies (C'). As imaged by the HREM (in [110] projection), the three structures are in perfect registry on both sides of the interface. Within the interface, the C' defective copper layer remains in registry with the surface twins, e.g. , C above C' above C. However, the C(Bi) layer is now out of phase with the twinned layers, e.g. , A above C(Bi) above A. When viewed in projection along [110] In the present calculations we used as the basis twenty two MTO's per atom which contain triple-~s and p orbitals and double-~d orbitals. The kinetic energies, K, associated with the envelope Hankel functions are not critical and were taken here as 0.0, -1.0, and -3.0 Ry, respectively. The muffin-tin radii were always chosen to be 1.5% smaller than the radii of touching spheres in order to prevent overlapping of the spheres when applying shear strains. In the construction of the MTO basis the ratio of the muffin-tin radii for copper and bismuth, respectively, was identified with the ratio of the corresponding atomic radii (1. 45). The core-electron charge density was not frozen but recalculated self-consistently in each iteration. 
